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ABSTRACT: In the San Joaquin River Basin, California, a real-
time water quality forecasting model was developed to help
improve the management of saline agricultural and wetland
drainage to meet water quality objectives. Predicted salt loads from
the water quality forecasting model, STRIODAY, were consistently
within £ 11 percent of actual, within + 14 percent for seven-day
forecasts, and within + 26 percent for 14-day forecasts for the 16-
month trial period. When the 48 days dominated by rainfall/runoff
events were eliminated from the data set, the error bar decreased
to + 9 percent for the model and + 11 percent and * 17 percent for
the seven-day and 14-day forecasts, respectively. Constraints on the
use of the model for salinity management on the San Joaquin River
include the number of entities that control or influence water quali-
ty and the lack of a centralized authority to direct their activities.
The lack of real-time monitoring sensors for other primary con-
stituents of concern, such as selenium and boron, limits the appli-
cation of the model to salinity at the present time. A case study
describes wetland drainage releases scheduled to coincide with
high river flows and significant river assimilative capacity for salt
loads.

(KEY TERMS: water quality; real-time management; salts;
drainage.)

INTRODUCTION

Real-time water quality management requires
techniques that update the state of knowledge of a
system continuously and allow actions to be taken to
meet water quality objectives. Such techniques are
being developed for the San Joaquin River Basin of
California to promote voluntary compliance with state
water quality objectives for priority pollutants such as
selenium, boron, and total dissolved solids.

The techniques required to collect and transmit
flow and stage data are well established. In Califor-
nia, public water agencies such as the Department of

Water Resources (DWR), the U.S. Bureau of Reclama-
tion (USBR) and the U.S. Geological Survey measure
flow and stage routinely for a variety of applications.
Only the California Data Exchange Center (CDEC), a
department within the DWR, provides river stage and
flood warning information on a real-time basis. The
major clients of this system are local and state agen-
cies concerned with flood management and the provi-
sion of emergency services. Agencies such as the US
Army Corps of Engineers use this information to
determine reservoir release schedules during high
runoff periods. The real-time water quality manage-
ment system under development for the San Joaquin
River Basin takes advantage of some of the features
of the existing hydrologic data acquisition and fore-
casting programs. Unique aspects of the real-time
water quality management system that are not repli-
cated by current programs are:

1. Use of water quality sensors: currently only EC,
temperature, and pH are continuously logged,
although a greater number of constituents of concern
within California’s river systems.

2. A continuous and integrated system of data
error checking and validation because the data are
used for regulatory purposes.

3. Addition of control systems that can be used to
manage agricultural and wetland drainage water flow
and water quality.

4. Institutions that coordinate actions and respons-
es of regulators, operators, and other public and pri-
vate entities.
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BACKGROUND

The San Joaquin River drains a basin of approxi-
mately 34,560 square kilometers. Runoff from the
basin is dominated by snowmelt and rainfall from the
Sierra Nevada Range and its foothills to the east of
the San Joaquin River. The three east-side tribu-
taries, the Merced River, the Tuolumne River, and the
Stanislaus River, provide the majority of the flow in
the San Joaquin River (Figure 1). The predominant
land use in the San Joaquin River Basin is irrigated
agriculture. Irrigated agriculture on the west side of
the Basin is supplied predominantly by imported
water from the Sacramento-San Joaquin Delta,
whereas the east-side tributaries and ground water
provide the majority of the water supply to the east
side of the Basin.

From a water quality point of view, the discharges
from the Grasslands Basin are of particular interest.

The Grasslands Basin is a hydrologic unit situated
west of the San Joaquin River, bounded by Westlands
Water District to the south and State Highway 140 to
the north, that naturally drains to the San Joaquin
River. The soils in the Grasslands Basin are naturally
high in salts and of low permeability. The low
permeability combined with the importation of water
has resulted in a shallow groundwater table. To main-
tain productivity, the installation of artificial drainage
is necessary in low-lying agricultural areas. Drainage
produced from a 41,000 hectare agricultural area in
the southern part of the Grasslands Basin [hereafter
referred to as the Drainage Study Area (DSA)] con-
tains high concentrations of certain trace elements
and soluble salts that are harmful to fish and wildlife.
The primary constituents of concern are salt, boron,
and selenium.

In addition to discharges from the DSA, surround-
ing wetland areas also contribute a significant salt
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Figure 1. The San Joaquin River Basin Showing the Outline of the Grasslands Basins
and the 41,000 Hectare Drainage Problem Area (DSA).
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load to the San Joaquin River during the spring
months (Grober et al., 1995). The combined dis-
charges from the agricultural lands and wetlands is
conveyed through a system of canals and natural
streams to the San Joaquin River. Figure 2 shows
that the salt load contribution to the River from Mud
and Salt Sloughs, which contain return flows from
both agricultural and wetland areas in the Grass-
lands Basin, is high relative to other tributary sources
of salt in the San Joaquin River Basin. Dilution of the
poor quality discharges from the Grasslands Basin is
provided by the east-side tributaries. Flows in the
east-side tributaries are regulated to a large degree
by upstream reservoirs which, in turn, are operated
according to predetermined rules and release sched-
ules. These rules and release schedules account for
flood storage, fish migration, irrigation, hydropower,
water quality control, and recreation.

In contrast to the high degree of regulation and
control of east-side tributary flows, the discharge of
pollutants from the DSA has historically been unreg-
ulated and uncontrolled. Sump pumps associated

2500

with subsurface agricultural drainage systems are
designed to turn on automatically when water reach-
es a set level in the sump. Hence, the pattern of dis-
charges from agricultural lands generally mirrors the
irrigation season. In contrast, surface drainage dis-
charge from seasonal wetlands occurs in early spring
between February and April. Some control of the
scheduling of the seasonal wetland drainage can be
exercised by wetland managers, although these
schedules are determined to a large extent by habitat
requirements and local management preferences of
privately owned duck clubs.

The timing of the discharges of dissolved solids and
trace elements from the DSA and the timing of reser-
voir releases are such that the assimilative capacity
of the San Joaquin River is often exceeded at the
compliance monitoring locations. Opportunities have
been identified for adjusting the timing of discharges
and reservoir releases (A. Hildebrand, 1989, Letter
sent to Ed Imhoff, Program Manager, San Joaquin
Valley Drainage Program (1985-1990), Sacramento,
California). The practical constraints to making such
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Figure 2. Salt Loading to the San Joaquin River From Various Sources.
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adjustments have not been thoroughly explored
(Karkoski et al., 1995a). By making such adjustments,
temporal variations in water quality can be mini-
mized, and the frequency of violation of water quality
objectives can be reduced. A real-time water quality
management system, along with pollutant load reduc-
tion, could allow continued discharge of salt from
agricultural lands and wetlands while minimizing the
impacts on the San Joaquin River and eliminating
violations of water quality objectives.

REAL-TIME WATER QUALITY MODELING
IN THE GRASSLANDS BASIN

Previous real-time water quality modeling efforts
in the Grasslands Basin have mostly focused on
screening-level assessments of operational constraints
on, and opportunities for, agricultural drainage dis-
charges. The U.S. Bureau of Reclamation (USBR)
developed a sophisticated planning model that consid-
ered several alternatives to meet selenium and boron
water quality objectives in the San Joaquin River
(Quinn, 1993; Quinn and Delamore, 1994). The alter-
natives considered were irrigation improvements,
~ drainage water reuse, land retirement, and the use of
holding reservoirs to regulate the release of drainage
to the River. These alternatives were optimized to
minimize the size of the regulating reservoirs and to
ensure that the constraining water quality objective
(selenium or boron) was not exceeded. The results of
the modeling analysis suggested that with invest-
ments in drainage recycling facilities and the con-
struction of regulating reservoirs with a total capacity
of 4.3 million cubic meters, water quality objectives
could be met at all times (USBR, 1991). The USBR
model assumed perfect forecast and response to
receiving water assimilative capacity and that the
water quality of irrigation water and groundwater
pumpage remained constant during the simulation
period.

Another screening-level model developed by the
Central Valley Regional Water Quality Control Board
(CVRWQCB) (J. Karkoski, 1995 unpublished analy-
sis) considered the effects of load reductions and
model and response errors on the sizing of regulating
reservoirs. Model and response errors were expressed
by allowing only 80 percent of the available assimila-
tive capacity to be used. When evaporation effects
were considered, the storage size required for regulat-
ing reservoirs was found to be 26.8 million cubic
meters. The large difference in regulating reservoir
volume (4.3 vs. 26.8 million cubic meters) is a function
of the different assumptions made in the two model-
ing approaches. In the case of the USBR model, the
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full assimilative capacity of the river was available
and no annual selenium load cap was imposed;
whereas the CRWQCB model assumed suboptimal
use of the assimilative capacity and imposed the
CRWQCB Basin Plan’s annual selenium discharge
load cap of 3,624 kg (CVRWQCB, 1996). The
CRWQCB model also assumed that a mean annual
discharge of selenium from the agricultural water dis-
tricts to the San Joaquin river was 2,945 kg. Although
the above models differed in certain assumptions, the
premise shared by both models was that regulating
reservoirs could be constructed and managed to
respond to real-time conditions in the San Joaquin
River.

In contrast, the analysis used by the CVRWCB in
developing its control plan for selenium was based on
a modified EPA load setting methodology (Karkoski
et al., 1995b; CVRWQCB, 1994) which assumes
extremely limited ability to forecast, and therefore
respond to, available assimilative capacity. The
monthly flow record (1970-1991) was divided into
eight flow regimes which differed based on water year
type (dry and wet) and season. The selenium effluent
limits were set for the low flow conditions in each flow
regime (quasi-steady state) to meet an “allowable”
rate of violation — once every three years as allowed
by federal regulation.

Table 1 compares the annual allowable selenium
load from the CVRWQCB analysis for dry years and
wet years, under dynamic (real-time) versus quasi-
steady state modeling assumptions. It is clear from
Table 1 that the advantages of using a real-time sys-
tem are significant to the discharger allowing a
greater selenium load to be discharged, annually,
without violating selenium concentration objectives.

TABLE 1. Comparison of Real-Time and
Quasi-Static Selenium Load Limits.

Wet Year Se Dry Year Se
Load (kg) Load (kg)
Quasi-Static 1405 455
Dynamic (Real-Time) 3364 2105

Operations Models

Although the screening level models point to poten-
tial advantages of adopting a real-time water quality
management system, the actual opportunities
presented by such a system can only be evaluated
with the development of an operations model. An
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operations model is inherently more data-intensive
than a screening or planning model.

The literature contains many examples of water
related problems that have been addressed fully or in
part through real-time data acquisition, information
dissemination and operational control. Much of the
literature describes the general field of optimization,
dynamic programming, and optimal control theory.
The efforts of these researchers highlight some of the
challenges and potential solutions in the development
of a real-time water quality management system for
the San Joaquin River.

Krajewski et al. (1993) considered the real-time
optimal control of power plant cooling water dis-
charges. The effect of a single major discharge (power
plant cooling water return flow) was simulated, along
with ambient hydrometeorological conditions to deter-
mine compliance with the temperature standard 20
km downstream. A thermal model was used in con-
junction with an optimization model; the optimization
model minimized losses when the power plant was
unable to generate power at a potential level and
imposed penalties for violating the temperature stan-
dard. The loss function was stochastic in nature since
it was dependent on the thermal model — the thermal
model forecasted hydrometeorological conditions
based on assumptions of initial and boundary condi-
tions. Krajewski et al. (1993) were able to determine
the effect of errors in forecasted hydrometeorological
conditions on model error and the calculated net ben-
efit.

Novotny et al. (1992) investigated the challenges of
applying a real-time management and control system
to wastewater treatment plants. Treatment plants are
often designed based on assumptions of steady-state
concentrations of influent to the treatment plant and
effluent concentrations from the plant equal to allow-
able water quality standards. Novotny et al. (1992)
suggested that a treatment process control and man-
agement scheme be adaptive, predictive, and efficient.
Such a management model should be able to adapt to
variations in input, able to forecast input changes,
and be efficient by limiting idleness of plant units and
the discharge of untreated waste. Storage was sug-
gested by Novotny et al. (1992) as a buffer against
temporal variations in assimilative capacity of the
receiving water. Model features included an assess-
ment of treatment plant output to the environment,
response of the environment to the output and opti-
mization of the system to maximize efficiency.

Krajewski et al. (1993) demonstrated that model
errors due to lack of information on hydrodynamic
parameters such as channel geometry, poorly under-
stood processes such as ground water inflow, and lack
of input data such as wetland and agricultural return
flows can have a significant impact on the benefits
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realized from a real-time water quality management
system. Novotny et al. (1992) suggested that a recur-
sive parameter estimation method for autoregressive
moving average models or a neural network model
would provide the desirable features of adaptability
and predictability required for real-time control of
wastewater treatment processes. The need for these
features is heightened when the size and variability
of the system to be modeled increases (i.e., when the
forecast lead times and model errors increase).

Although the general problems of data reliability
are common to most of the real-time applications dis-
cussed in the literature, most appeared relatively
tractable compared to the water quality management
problem in the San Joaquin River Basin.

REAL-TIME DATA ACQUISITION SYSTEM

Although river stage, EC and temperature have
been monitored on a real-time basis, other real-time
water quality monitoring is generally limited to those
properties and constituents such as temperature, pH,
or dissolved oxygen for which no sample preparation
is required. Techniques for the real-time measure-
ment of other parameters of interest in the San
Joaquin River, such as selenium and boron, have not
been established nor are reliable sensors available.

A real-time water quality monitoring network has
been established in the Grasslands Basin and along
the main stem of the San Joaquin River. Nine sites
were chosen for real-time monitoring of flow, electrical
conductivity and temperature along the San Joaquin
River and its tributaries. These monitoring sites are
listed in order from upstream to downstream, togeth-
er with the sensor data collected at each site:

¢ San Joaquin River at Lander Avenue (EC, flow,
temp)

¢ Salt Slough at Highway 165 Bridge (EC, flow,
temp)

¢ Grasslands Bypass (compliance point — site B)

(EC, flow, temp)

Mud Slough near Gustine (EC, flow, temp)

Merced River near Stevinson (EC, flow, temp)

San Joaquin River at Newman (flow)

Orestimba Creek (EC, flow)

San Joaquin River at Crows Landing (EC, flow,

temp)

¢ San Joaquin River at Vernalis (EC, flow, temp)

The locations of these stations are shown in Figure
3. The data from these stations is currently teleme-
tered via modem to central data processing stations in
the USBR and the DWR, where the information is
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Figure 3. Location of Real-Time Monitoring

checked for errors and missing values and parsed into
a format accessible by a daily water quality forecast-
ing model. The evolution of this model and its applica-
tion is the nexus of water resources modeling
activities in four agencies within California: the State
Water Resources Control Board, the U.S. Bureau of
Reclamation, the California Department of Water
Resources, and the California Regional Water Quality
Control Board (Kipps et al., 1997).

SAN JOAQUIN RIVER DAILY
INPUT-OUTPUT MODEL

The San Joaquin River Daily Input-Output
(SJRIO) model is a mass balance model which calcu-
lates daily flows and concentrations of total dissolved
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San Joaquin River at Vernalis

San Joaquin River at Crows Landing

San Joaquin River at Newman

Merced River near Stevinson

San Joaquin River at Lander Avenue

Sites in the San Joaquin River Basin.

solids (TDS), boron, and selenium for a 96 km reach of
the San Joaquin River from Lander Avenue to Ver-
nalis (SWRCB, 1985). An extensive database was
assembled, with data for water years 1977 to 1985, to
run the model. The SJRIO was modified to accept
stochastic data, so that it could be run with historical
data, stochastic data, or a combination of both. The
model has been further modified to run on a daily
time step so that it can be used with real-time flow
and water quality data on the SJR.

The daily model, STRIODAY, contains the following
tributary river segments:

* 10 km of Salt Slough below the Highway 165
gaging station

* 15 km of Mud Slough below the Gustine gaging
station
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* 8 km of the Merced River below the Stevinson
gaging station

* 24 km of the Tuolumne River below the Modesto
gaging station

* 14 km of the Stanislaus River below the Ripon
gaging station

¢ Several kilometers of three west-side tributaries:
Del Puerto, Orestimba and Hospital/Ingram
Creeks

Daily flow calculations for the SJRIODAY model
are made using hydrologic routing techniques. Water
quality constituents are considered conservative.
Those data are used to establish initial conditions for
model runs and to generate a two-week forecast of
flow and EC. In the absence of real-time data, boron
and selenium forecasts are made using the most
recently available data combined with historical
means and the best judgment of the modeler. Real-
time or forecasted rainfall can be used to account for
additional runoff in the basin. Real-time data are sup-
plemented by mean monthly flow and water quality
data for other model components for which no real-
time data are available, including: groundwater,
riparian and appropriative diversions, surface and
subsurface agricultural return flows, riparian evapo-
transpiration, evaporation, and precipitation. These
components are estimated within the model based on
seasonal variability and wet/dry water year classifica-
tion provided by the modeler.

GRAPHICAL USER INTERFACE

A Graphical User Interface (GUI) was designed for
the SJRIODAY model to be user friendly by exploiting
the point-and-click capability of the Windows system
(Figure 4). Upon execution of the GUI a colorful map
of the San Joaquin River system is displayed on the
computer screen. The user can direct the arrow cursor
to any part of the map and, using the point-and-click
system available within Windows, recall the data for
review or for changes of input conditions. The user
can also scroll through a display of dates, viewing the
temporal variations of water quality parameters at
any map location on the screen and can display spa-
tial color coded changes in water quality at any given
time. By clicking at a time advance button, the user
can create a near-animation of salt movement
through the San Joaquin River between Lander
Avenue and Vernalis.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

The GUI performs five functions:

1. Retrieves real-time monitoring data for initial
conditions by modem from a dedicated computer or
web site. (Telemetered data updated weekly by field
staff after quality assurance checks have been per-
formed.)

2. Edits and uploads water operators’ operational
schedules.

3. Runs the predictive SJRIODAY model.

4. Downloads model results.

5. Displays the results.

There are two versions of the GUL The general ver-
sion for water operators can edit and upload opera-
tional schedules of reservoir releases, download the
results of computer runs using the forecasting model,
and display the output from these runs. This version
does not allow the user to make a full model run. The
full version of the GUI has the same capabilities as
the operators’ version but also allows the user to
download monitoring data and to run the forecasting
model, STJRIODAY.

MODEL RESULTS AND FORECASTS

Forecasts of flow and water quality at Vernalis
were made each week from February 12, 1996, to
June 30, 1997, and a post audit of forecast accuracy
was broadcast on the electronic listserver, comparing
the forecasts with observations obtained from CDEC
and the real-time monitoring system (Kipps et al.,
1997). Figures 5 and 6 show the performance of the
forecasting model for predicting flow and EC at Ver-
nalis. The observed CDEC and model-simulated flows
at Vernalis and the observed CDEC and simulated
TDS concentrations and assimilative capacities are in
closer agreement in the case of the 1-week forecast
than for the two-week forecast, as expected. The
model performed well during most of 1996 and, in
particular, the summer months, when flows and
water quality on the San Joaquin River were domi-
nated by agricultural drainage from Mud and Salt
Sloughs. Predicted salt loads from the water quality
forecasting model, SJRIODAY, were consistently with-
in * 11 percent of actual, within + 14 percent for
seven-day forecasts and within + 26 percent for 14-
day forecasts for the 16-month trial period. In gener-
al, the model tends to overestimate flow as well as
EC.

The San Joaquin Valley was subjected to a series of
severe winter storms between December 25, 1996,
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San Joaquin River Water Quality - [SJRIVER.WSM]

| File Input Results Communication Criteria Model

EC, usicm New Melones
Reservoir
Ripon
Stanislaus R.
Vemaliswém =
e New Don Pedro
Hospital Cr. 1%, Modesto

kY

Ingram Cr.

Del Puerto Cr.

Orestimba Cr.

Figure 4. Graphical User Interface for the STRIODAY

Merced R

Lander Ave.

Flow and EC Forecasting Model. The model can

also access historical water quality data for selenium and boron. The EC criterion (entered as TDS)
is user defined and produces a red coloration along the main stem of the San Joaquin when
objectives are exceeded and a green coloration when water quality objectives are being met.

and January 25, 1997, which produced an extraordi-
nary volume of runoff from the eastside Sierran
watersheds. Without an accurate watershed model,
runoff forecasts were based on estimates of the flood
hydrograph from each contributing watershed and
real-time flow data. When flow and EC for the 48
days dominated by rainfall/runoff events during the
trial period were eliminated from the data set, the
error bar decreased to = 9 percent for the model, and
1 11 percent and + 17 percent for the seven-day, and
14-day forecasts respectively. R-squared values for the
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model, seven-day and 14-day forecasts were 0.93,
0.88, and 0.76 using the full data set, which improved
to 0.95, 0.91, and 0.79 when the 48 days dominated by
rainfall-runoff events were eliminated.

Figures 5 and 6 illustrate the problems encoun-
tered in making accurate flow forecasts during the
trial period. Although the model and the runoff fore-
casts continued to overestimate real-time flows
between January 14 and January 25, 1997, levee
breaks along the San Joaquin River accounted for
some of the discrepancy. In some instances, the model

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



Real-Time Management of Water Quality in the San Joaquin River Basin, California

‘(1661 T1dY 03 966T AIBTIGD) SISLIDI0 JOIM OM], PUE DUQ YNM PUE SUOIPIPIT
[PPON Y3 DHD WOy BIe(] 931eyosi(] STEUIaA PaALasqQ) Jo uostiedwo)) 'g aandi|

339M PUZ Xa3M S| [8po D3A0

L6/bLIy L6/LE/E 16/LLIE L6/€/E L6/LLVC L6/€2 216/02/1 L6/9/1 96/€2/C} 96/6/C} 96/5¢/ _‘o«m

= |

002

JOYUVHOSIA

--\ lllllllllll .s . l, Oom

i 1 “Q

pr— A 000'1g
- N 0007 @

000°s

w

(so

%93M PUZ %33M 1SL [18POW O3AD

96/8L/L1 96/¥/L1L 96/12/01 96/L/0L 96/£2/6 96/6/6 96/92/8 96/21/8 96/62/L 96/GL/L 96/1/L
oy

[
Vo)
nod) 39HVYHOSIA

%88M PUZ X33M Is| [9PON D3A0
96/LL19 96/€/9 96/02/S 96/9/S 96/22/y 96/8/v 96/S2/€ 96/11/€ 96/921C 9612412
0s

0ol

00T
00e

00S

(soawnd) 394vHOSIa

000't

JAWRA

1481

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



Quinn and Karkoski

‘(1661 [HAY 03 966T AIBTLIGD]) SISBISIO] YO OM], PUR SUQ Y3IM PUE SUOIPDIPaL]
[PPOIA YHs DHAD Wodj B1e( (DH) ANAIONPUO)) [BOLIPS[F SHBUIDA PeAldsq( jo uostreduro]) °g aandi g

%93 PUZ ¥99M ISL [8POW 330D
L8511y L8V L6/8LE L6IYFE L1618\ L8/%2 81z

L6/L1 98/IvZITL 96/011C1 86/SZ/LL

00¥

009

s

(woysn) 03

008

000°L

389 PUZ 3B3M ISL 1SPON O3A0
96/81/L1 96/¥v/L1 96/12/01 96/L/04 96/€2/6 96/6/6 96/92/8

96/CL/8 96/6¢/L 96/S4/L 96/1/L

0

00¢

ooy

009

(woygn) 03

008

000't

}99M PUZ HB33M ISL [BPON D3AD
96/L119 96/€/9 96/02/S 96/9/S 96/22ly 96/8/¥

96/5¢/E 96/L1/E 96/9212 96/CLIT

W

T
RIS R

0

00¢

ooy

009

(woygn) 03

008

000°4

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

1482

JAWRA



Real-Time Management of Water Quality in the San Joaquin River Basin, California

and forecasts alerted the analysts to problems in the
monitoring networks, which included the failure of an
EC sensor and a flooding problem when a portion of
the river flow was diverted around the gaging station.
The dominance of east-side tributary flows on San
Joaquin River water quality during the trial period
improved the accuracy of prediction. Model and fore-
cast EC concentrations were not significantly differ-
ent from the real-time EC data.

REAL-TIME MANAGEMENT OF
FLOW AND WATER QUALITY

The accuracy of the forecasts performed with the
aid of the model is greatest when schedules of east-
side reservoir releases and estimates of agricultural
and wetland drainage discharges are available. These
deterministic inputs reduce the errors associated with
the inherently stochastic nature of river flows and
agricultural loads. Reliable forecasts and the capabili-
ty of dischargers and diverters to act upon these fore-
casts requires information exchange and coordinated
management.

REOPERATION OF EAST-SIDE RESERVOIRS

Water districts make releases from east-side reser-
voirs for power generation, irrigation, and municipal
water to cities and towns located along the major San
Joaquin tributaries. Reservoir operators are obligated
to make releases to aid fish migration during certain
times of the year pursuant to their FERC licenses and
for recreation and other purposes negotiated with
local interests. East-side reservoir operators have had
few incentives in the past to cooperate with agricul-
tural water districts and wetland refuge managers to
improve water quality conditions in the San Joaquin
River. These attitudes are shifting with recent legisla-
tion to encourage water transfers and water market-
ing. Such incentives have allowed the Federal
Government to acquire water supplies for tributary
pulse flows to aid fish migration. The U.S. Bureau of
Reclamation has developed a scheme to compensate
east-side water districts for additional scheduled
releases that exceed normal operations for the pur-
pose of improving the salmon fishery. These pulse
flows provide windows of opportunity for west-side
agricultural water districts and wetland managers to
increase discharge flows and salt loads without violat-
ing the San Joaquin River salinity objectives at Ver-
nalis.
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WETLAND DRAINAGE MANAGEMENT

Wetland discharges of salt to the river have come
under increased scrutiny ever since the provision of
additional Federal water supply under the Central
Valley Improvement Act of 1992. In the Grasslands
Basin there are 41,000 hectares of wetlands — a com-
bination of permanent, seasonal and upland habitat
for migrating wildfowl of the Pacific Flyway. The
greatest impact to the San Joaquin River is from sea-
sonal wetlands which are usually flooded in the
months of September and October and drain during
the spring months of March, April and May. Approxi-
mately 10 percent of the salt in the San Joaquin River
derived from these wetland discharges. The potential
for real-time management of salts from these wet-
lands is constrained by the necessity to provide maxi-
mum food value and habitat requirements for
different wildfowl species.

During early January 1996 the Grassland Water
District, in cooperation with the Water Quality Com-
mittee of the San Joaquin River Management Pro-
gram (SJRMP), conducted an experimental early
drainage release of ponded water. This early release
provided a potential benefit to the River by reducing
the likelihood of downstream salinity impacts later in
the season and reducing the risk of salinity objective
violations. The Water District requested that the
authors provide a forecast of the most advantageous
time to make this release. A model forecast, made on
January 15, 1996, suggested that the combination of
high river flows and an imminent rainstorm might
provide the necessary assimilative capacity. The peak
wetland release was timed so that it would coincide
with peak flow in the San Joaquin River. Wetland
flushing began on January 18 and ended on February
19, with the peak flow occurring between January 27
and February 10. This peak flow arrived at Vernalis
between February 1 and February 14 (Figure 7). On
January 15, before the arrival of the wetland releases,
flow at Vernalis was approximately 56 cubic meters
per second, and the EC was 1000 uS/cm. At the time
of arrival of the peak wetland releases at Vernalis,
flow at Vernalis ranged from 148 to 294 cubic meters
per second and the EC ranged from 220 to 430 uS/cm.
Excess assimilative capacity was observed in the
River throughout the simulation period as a result of
the rainfall-runoff events in the upper watershed. No
violations of the EC objective occurred during the
trial period, and there were no EC violations in the
San Joaquin River during March and April 1996.
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Figure 7. Flow and Electrical Conductivity (EC) in the San Joaquin River Near Vernalis.

MANAGEMENT AND CONTROL OF
AGRICULTURAL DRAINAGE

The most cost-effective agricultural drainage con-
trol structures allow storage of drainage effluent dur-
ing periods of low assimilative capacity and discharge
of drainage effluent during periods of high assimila-
tive capacity. Drainage effluent is currently managed
by the following techniques: (a) drainage source con-
trol and water conservation practices; (b) minimiza-
tion of tailwater and separation of tailwater and
tilewater; (c) recirculation and blending of subsurface
drainage water; and (d) manipulation of subsurface
drainage sumps. Implementation of these techniques
requires intensive water management and require
careful monitoring of salts.

The Grasslands Bypass Project, initiated in Octo-
ber 1996, is a unique program under which the agri-
cultural water districts agreed to limit monthly and
annual selenium loads from the 41,000 hectare DSA.
A fee schedule for all exceedences of monthly and
annual targets (with a cap of $250,000) was agreed
after negotiations between the farmers, agricultural
water districts, and the state and federal agencies
participating in the project. Although the stringent
monthly load limits currently constrain the flexibility
of the water districts to adjust discharges to match
river assimilative capacity, actions have been taken
that will lead to improvements in future real-time
management of discharges. A multi-million dollar
investment by the participating water districts in flow
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and EC monitoring systems, recirculation pumps and
ditches, drainage storage facilities and sump control
systems will allow centralized control of drainage dis-
charges from each district outlet.

Source Control and Water Conservation

Water conservation practices have improved in
each of the DSA water districts through the use of
irrigation consultants, the implementation of tiered
water pricing policies, and the organization of water
management workshops for farm workers with
instruction in both English and Spanish. Consider-
able improvements in on-farm irrigation practices
have occurred over the last 12 months with invest-
ments in sprinkler systems and gated pipe to reduce
losses associated with furrow pre-irrigation and con-
veyance in earth-lined ditches. Farmers in the DSA
had found that irrigation efficiencies were poorest
during pre-irrigation resulting from poor application
uniformity.

Tailwater Return Systems

District policies that require all irrigation tailwater
to be recycled and kept separate from subsurface
drainage have improved on-farm irrigation efficien-
cies and reduced drainage volumes. One of the effects
of implementing this policy has been to educate ditch
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tenders and increase their understanding of the effect
of management practices on irrigation distribution
uniformity. As a result many fields have been subdi-
vided and furrow row lengths reduced from 800
meters (1/2 mile) to 400 meters (1/4 mile).

Drainage Recirculation

The volume of subsurface drainage that can be
recirculated is limited by the tolerance of the crop to
salt and boron concentrations. Generally, when sub-
surface drainage is recirculated, it is blended with
good quality surface supplies to minimize potential
negative impacts on crop yield. Ample supplies of
good quality supply water are needed periodically in
an irrigation system where recirculated subsurface
drainage is used (Rhoades,1984).

Manipulation of Drainage Sumps

Drainage sump pumps are typically activated when
the water level rises above an electronic sensor locat-
ed in the sump. The pump sensors would be overrid-
den so as to shut off during periods of low river
assimilative capacity and to turn on only when river
assimilative capacity was adequate to accommodate
drain flows. The manipulation of sump pumps has
limited utility during periods of available assimilative
capacity, i.e., during fall and winter months and in
“wet” water years.

Regulating Reservoirs

One means of reducing the response time is to
build regulating reservoirs, such as those considered
in the planning studies, discussed earlier. During
periods of low assimilative capacity, excess drainage
is stored in the reservoir and later released when
assimilative capacity becomes available. If these
reservoirs were to be located close to the San Joaquin
River storage could be manipulated to take advantage
of short-term periods of high assimilative capacity.
The experience at Kesterson Reservoir (Presser, 1994)
and in the evaporation ponds of the Tulare Basin, Cal-
ifornia (Skorupa and Ohlendorf, 1991) have shown
the potential danger of holding large volumes of sele-
nium contaminated water above ground for extended
periods of time. In both cases, bioaccumulation result-
ed in observable impacts to wildlife, even at low water
column concentrations. Research and monitoring
studies are needed to determine safe holding times in
these reservoirs. These reservoirs should also be
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designed to minimize their attraction to wildlife by
making them deep with steep shorelines, denuded of
vegetation.

INSTITUTIONAL FRAMEWORK

For the real-time water quality management sys-
tem to be fully implemented and successfully used by
stakeholders, some institution building and reform at
the state level will likely be required. Incentives need
to be created for all parties for the acquisition, use
and sharing of drainage and reservoir release data.
Developing systems for dissemination of current
information to interested parties is the first step and
has been initiated through use of the Internet and the
creation of an e-mail listserver for the project. The
listserver automatically relays messages (including
forecasts of real-time flow, water quality and sched-
uled reservoir release data) for downstream fisheries,
flood control and recreation to the entire multiagency
subscriber list.

A problem is created in this unstructured sharing
of information in that it does not have a formal feed-
back loop — hence actions taken as a result of the flow
and water quality forecasts gleaned from the listserv-
er are not accounted for in the current system. For
example, a downstream riparian diverter might
increase pumping above typical seasonal levels from
the San Joaquin River, if forecasts indicated a short
term improvement in water quality. This action would
decrease flow and salt load in the San Joaquin River
reducing the accuracy of the Vernalis forecast. Fore-
casted Vernalis EC could increase or decrease depend-
ing on the location of the diversion and the relative
salt concentration of the river relative to the Vernalis
EC objective. One means of dealing with the feedback
problem would be to set up specific schedules for issu-
ing San Joaquin River water quality forecasts, and for
issuing official updates to these forecasts, based on
feedback information. To do this effectively will
require the establishment of a central authority with
responsibility for water quality in the San Joaquin
River with control over drainage and reservoir opera-
tions. The current system has been in place for less
than two years. It is envisaged that the technology
transfer process and the loosening of institutional
constraints will take several more years before the
potential benefits of this system are realized. A
research and development grant of $900,000 has been
awarded to the SJRMP Water Quality Committee to
continue development of the real-time water quality
forecasting system over the next three years.
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